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Experimental renal infection: Acute and chronic studies of his-
tology and function. Experimental renal infections have resulted in
histologic lesions of acute and chronic pyelonephritis, but in most
studies the urinary tract has been "traumatized" to induce persis-
tent infection. Sequential functional alterations have been mea-
sured infrequently. The present studies were designed to separate
the functional and histological changes caused by high pressure
sterile reflux from reflux with pathogenic organisms. Reproducible
disruption of the pelvic epithelium with extravasation of solution
into the parenchyma and vasculature occuned with reflux of 2.0
ml of solution but not with 1.0 ml. Reflux with 2.0 ml of sterile
broth failed to cause permanent histologic changes, but reflux with
broth containing organisms resulted in minor inflammatory
changes. There was no decrease in renal function in either group.
In long-term studies, no histologic changes in the cortex or medul-
la were noted 21 weeks after reflux of 1.0 ml of broth containing
organisms; however, there was failure of furictional maturation in
the infected animals commensurate with their growth, as com-
pared to the shams and controls (P = 0.03). Sterile reflux did not
cause cortical scars or changes in renal function, but persistent
parenchymal infection was associated with arrest of functional
growth.
Infection rénale expérimentale: Etudes histologiques et fonction-
nelles en situations aigues et chroniques. L'infection rénale expéri-
mentale a eu pour consequence des lesions histologiques de pyélo-
néphrite aigue et chronique, mais dans Ia plupart des etudes,
l'appareil urinaire a été "traumatisé" pour determiner une infec-
tion persistante. L'évaluation des alterations fonctionnelles
sequentielles n'a pas été frequente. Ce travail a pour but de
séparer les modifications fonctionnelles et histologiques liées au
reflux sterile a haute pression et celles dues au reflux avec des
organismes pathogenes. La déchirure de l'épithélium pyelique
avec effraction de Ia solution est survenue de facon reproductible
avec un reflux de 2,0 ml de solution mais n'a pas été obtenue avec
1,0 ml. Le reflux avec 2 ml de milieu de culture sterile n'a pas
entraIné de modification histologiques durables mais le milieu de
culture contenant des micro-organismes a déterminé des modifica-
tions inflammatoires mineures. Dans aucun des deux groupes il n'y
a eu de diminution de la fonction rénale. Dans les etudes au long
cours il n'a pas été observe de modifications histologiques dans le
cortex ou Ia médullaire 21 semaines après reflux de 1,0 ml de
milieu de culture contenant des micro-organismes la maturation
fonctionnelle, cependant, n'a pas progressé chez les animaux
infectés en comparaison des contrôles (P = 0,03). Le reflux sterile
ne determine pas de fibrose corticale ou de modification de la
fonction rénale mais l'infection parenchymateuse persistante est
associée a un arrêt de Ia croissance fonctionnelle.
Clinical studies have failed to document progres
sive deterioration of renal function in uncomplicated
bacteriuric patients [1—4]. Scores of experimental
studies, however, have shown that persistent renal
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infection leads to progressive lesions, consistent with
the accepted pathologic descriptions of acute and
chronic pyelonephritis. Ordinarily, it is necessary to
injure the kidneys or urinary tract to establish persis-
tent infection. Unfortunately, changes due to injury
alone, injury plus infection, and those that normally
occur with growth have not been compared in exper-
imental renal infection. The studies described here
were designed to quantitate the acute and chronic
renal histologic and functional changes in Sprague-
Dawley rats after retrograde bladder infusion of mea-
sured amounts of sterile solutions and nutrient broth
containing a pathogenic strain of Streptococcus
fecalis.
Methods
Experimental animals. The test animals were
female, Charles River, Sprague-Dawley rats, which
were 58 to 63 days old and weighed between 180 and
200 g at the beginning of the experiment. They were
housed in a vivarium with a controlled environment
of constant temperature and exposure to light. Puri-
na lab chow and tap water were provided ad lib. All
animals were normally hydrated for all experiments.
Test organisms. A strain of Streptococcus fecalis
(Lancefield Group D) was isolated from rat fecal
material, subcultured on Trypticase Soy Agar (TSA),
suspended in Trypticase Soy Broth (TSB), and
allowed to multiply to counts of l0 organisms/mI.
Stock cultures were frozen in 16% glycerol-TSB for
future use.
The pathogenicity of the organism was tested by
direct inoculation of 0.5 to 1.0 ml of TSB with 10
organisms/ml into the renal parenchyma, using a
technique similar to that described by Miller and
Robinson [5]. The right kidneys of eight animals
were exposed through a flank incision; four were
inoculated with TSB and organisms, and four with
sterile TSB. The animals were sacrificed three weeks
later for bacteriologic and histologic studies.
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Catheterization technique. Under light pentobar-
bital anesthesia, the perineal area of each animal was
shaved and cleansed with 95% ethyl alcohol. The
urethral orifice was retracted with sterile forceps,
and a short length of sterile polyethylene-50 tubing
was inserted into the bladder. The catheter was then
clamped in place to prevent leakage of solution
around the catheter.
Correlation of reflux volumes, bladder and upper
ureteric pressures, and pathology. Preliminary
experiments were done to determine the pressures
generated by different volumes of fluid infused into
the bladder and the resultant acute pathologic
changes in the kidney. Initially, pressures were mea-
sured in two rats with catheters placed in the bladder
and upper ureter. After bladder catheterization, the
left kidney and pelvis and both ureters were exposed
through a midline abdominal incision. A polyethyl-
ene-lO catheter was inserted into the left pelvis
through a small incision, passed caudal into the
upper ureter, and tied in place. The bladder and
ureteric catheters were connected to a pressure
transducer of a Beckman R 411 Dynograph recorder.
Using a constant infusion pump, a suspension of
India ink in sterile saline was infused into the bladder
at a rate of 0.07 mI/mm. Bladder and ureteric pres-
sures were monitored during progressive infusion
until intravesicular pressures exceeded 150 mm Hg.
Pressures were also measured during manual manip-
ulation of the distended bladder.
These experiments identified the minimum amount
of fluid necessary to cause reflux in hydrated rats.
Another group of 19 animals was infused with 1.0,
1.5, or 2.0 ml of marker solution, and reflux to the
pelvis of both kidneys was observed directly. All
animals in this group were sacrificed immediately
after infusion for histologic studies.
Urine and tissue culture studies. Urine for culture
was obtained by sterile needle puncture of the blad-
der. At the time of sacrifice, both kidneys were
removed, inspected carefully for evidence of scars,
weighed, and divided by mid-sagital section. One
half was fixed in buffered neutral formalin and pro-
cessed for histologic examination. The remaining
one half was washed in sterile saline and was homog-
enized in a sterile Teflon grinder with 3 ml of TSB.
Quantitative colony counts were done on all tissue
homogenates and urine samples.
Renal function studies. Twenty-four-hour urine
samples were collected under oil in metabolic cages.
Morning blood samples were obtained from the
ophthalmic venous plexus by the method described
by Riley [6]. Creatinine, urea nitrogen, and other
chemical determinations were done on a Technicon
Autoanalyzer and other standard laboratory equip-
ment. Clearances were done at 3-week intervals in
the long-term experiments.
Host immune response. Bacterial agglutinin titers
were done on sera from all test and control animals
as follows: 0.1 ml of serum was mixed with 0.3 ml of
saline in the first of a series of wells. Subsequently,
0.2 ml was transferred to succeeding wells, each of
which contained 0.2 ml of saline. Finally, 0.2 ml of
TSB containing 10 organisms/ml was added, bring-
ing the final dilution of serum to 1:1024. Each tray
contained a blank and control positive series. Agglu-
tination of bacteria was evident after 75 mm of incu-
bation at 37° C with sera from all animals that had
been infected with the test organism for at least 3
weeks. Readings at different time intervals were less
reproducible. Absorption of positive sera with other
strains of Streptococcus fecalis, Groups A and B
streptococci, Escherichia coli, and Proteus mirabilis
did not reduce agglutinin titers. Absorption of posi-
tive sera with the test organism resulted in negative
titers in the supernatant.
Experimental protocols. Two sets of experiments
were conducted to determine the separate and com-
bined effects of reflux and infection on renal his tolo-
gy and function. In the first experiment, the variables
evaluated were the volume of reflux and the presence
of infection. Animals were divided into groups as
follows:
2.0 ml sterile TSB infusate
1.0 ml TSB with 10 org/ml
infu sate
2.0 ml TSB with 10 org/ml
infusate
Creatinine clearances were done at the beginning
and end of the six-week study. After sacrifice, kid-
ney tissue was processed for histology and culture
studies as described above.
The objective of the second series of experiments
was to compare sequential changes in histology and
renal function in animals with persistent infection
induced with minimal trauma (1.0 ml reflux) to sham
(1.0 ml sterile reflux) and unmanipulated controls
over a six-month period. To obtain a group of rats
with persistent, pure, Streptococcus fecalis bacteri-
uria for prolonged study, a large group of animals
was infused with 1.0 ml of TSB with organisms.
Animals that had spontaneous remission, contami-
nant bacteriuria (Proteus mirabilis in all cases), or,
for other reasons, did not fit the criteria of persistent,
pure Streptococcus fecalis infection were excluded
from comparative analyses of renal function and his-
Group I (N = 12)
Group II (N = 11)
Group III (N = 12)
Group IV (N = 12)
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tology data between the three groups. Similarly,
sham-infused animals with contaminant bacteriuria
were excluded from the analyses. The numbers of
animals in the infected group were 25; in the sham
group, 18; and in the unmanipulated controls, 46.
Urine cultures and creatinine clearances were done
at three-week intervals for 21 weeks. Random ani-
mals were sacrificed after 12 weeks to determine
serial changes in renal histology. All animals were
sacrificed after 21 weeks and renal tissue was pro-
cessed as described above.
Statistical analyses were done by Chi square,
paired t test, and analysis of variance.
Results
Pathogenicity of the test organism. Direct inocu-
lation of the organism into renal tissue resulted in
cortical scars and microscopic pathologic changes
consistent with accepted descriptions of pyelone-
phritis at the site of injection within three weeks.
Microscopic changes included tubular atrophy, gb-
merular crowding, peri-glomerular fibrosis, and clus-
ters of cellular infiltrates. Kidneys injected with ster-
ile broth had none of these changes and only slight
derangement of the normal architecture. Colony
counts from the inoculated kidney tissue were 8.7 x
l0 to 3.4 x 10 organisms/g of wet tissue. The
contralateral kidneys in the inoculated animals also
had positive cultures of similar magnitude but there
were no histologic abnormalities except for scattered
cellular infiltrates along the pelvic epithelium. Cul-
tures of the sham-injected kidneys and their mates
were negative.
Reflux volume and pressure studies. Simultaneous
measurements of intravesicular and upper ureteric
pressures during progressive retrograde bladder infu-
sion of the marker solution revealed a functional
vesico-ureteral valve. During infusion, ureteric pres-
sure remained at the baseline until intravesicular
pressure exceeded 100 mm Hg. At this point the
ureteric pressure rose sharply to 100 to 110 mm Hg
(Fig. I, left panel). The rise in ureteric pressure
occurred after the infusion of exactly 0.63 ml of
saline in two separate experiments in two animals.
Ureteric pressure increased during application of
manual pressure to both lateral surfaces of the dis-
tended bladder, but not when pressure was applied
to the anterior surface (Fig. 1, right panel).
Reflux volume and renal pathology. The infusion
of 1.0, 1.5, or 2.0 ml of the marker solution resulted
in visible reflux to the pelvises of both kidneys in all
19 animals studied. Rupture of the pelvic epithelium,
however, occurred in only 1 of 7 animals infused
with 1.0 ml, compared to severe damage in all 6
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Fig. 1. Pressure and volume relationships between bladder and
ureter. Left panel: Ureteric pressure at an infusion of 0.07 mI/sec.
Ureteric pressure rose abruptly to 110 mm Hg after 0.63 ml of
saline had been infused into the rat bladder. Right panel: Intraves-
icular infusion of saline into another animal. Again ureteric pres-
sure rose sharply after 0.63 ml of infusion (X); manual pressure
exerted on both lateral surfaces of the distended bladder resulted
in an increase in ureteric pressure (Y); ureteric pressure was not
affected by anterior pressure on the distended bladder (Z).
animals infused with 2.0 ml(P = 0.011). In the latter
group there was hemorrhage and extravasation of
marker material beyond the fornix (Fig. 2). India ink
was not detected in the lumen of the tubules but was
present in the open tears and in the peritubular capil-
laries (Fig. 3). Gross darkening of the renal venous
blood was noted after retrograde infusion of 2.0 ml of
India ink marker solution in the 6 animals in that
group.
Reflux volume, persistence of infection, renal his-
tology, and function. Table 1 summarizes the data on
animals sacrificed six weeks after the infusion of 1.0
or 2.0 ml of TSB with and without organisms. Histol-
ogy was normal in Group I animals (1.0 ml of sterile
TSB infusion) except for trivial changes in one kid-
ney. In Group II, infused with 2.0 ml of sterile TSB,
two animals had histologic changes, but Proteus
mirabilis was recovered from the kidneys and urine
and was considered a contaminant. Except for those
two animals, there were no cortical scars, interstitial
infiltrates, or forniceal inflammation six weeks after
refiux. Bacteriuria persisted until sacrifice at six
weeks in 5 of 11 and 8 of 12 of the animals infused
with 1.0 and 2.0 ml, respectively, of TSB containing
organisms (NS). Histologic changes were minimal in
the group infused with 1.0 ml of TSB with organisms,
but there was a greater frequency of minute cortical
"scars" and forniceal inflammation in Group IV; the
incidence of changes in Group IV however, was not
significantly different from Group III (P = 0.07).
There was a significant increase in creatinine clear-
ance in Group IV animals but no change in the other
groups.
Persistence of bacteriuria. In order to establish
the spontaneous remission rate of bacteriuria in this
model, 25 animals were studied over a 21-week pen-
Time, sec
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Fig. 2. Sagital section of rat kidney after intravesicular infusion of 2.0 ml of solution. Extension of India ink was through the fornix to the
cortex. (Magnification, x 10; original enlarged by 11%)
od after infusion of 1.0 ml of TSB with organisms.
The results are shown in Figure 4. Bacteriuric ani-
mals had urine colony counts of jØ4 to 106 organisms!
ml in the urine and 10 to 10 in tissue homogenates
of one or both kidneys. No instances of positive
urine and negative tissue cultures were noted. Slices
of kidney from the infected animals "printed" on
TSA showed growth from the entire parenchyma,
including the cortex and medulla. Cultures from sep-
arate sections of the medulla and cortex from infect-
ed kidneys were all positive with similar counts from
each section of the same kidney.
Renal function studies in animals with persistent
infection. Serial measurements of creatinine clear-
ances in bacteriuric, sterile sham, and unmanipulat-
ed controls are depicted in Figure 5. There were no
significant differences in clearances in the three
groups during the first six weeks of study. As the
control and sham animals gained weight, the clear-
ances increased significantly and stabilized after 12
weeks. The infected group, however, had no signifi-
cant increase in absolute clearance as the animals
gained weight. There was no difference in mean body
weights of the infected and control groups during the
study. The bacteriuric animals did not appear ill and
could not be distinguished from the controls. There
was no difference in anesthesia or in spontaneous
mortality between the infected and control groups.
Recalculation of the clearance data to correct for
body weight showed no change in sequential clear-
ances in the sham and control animals over 21
weeks, but it showed a significant decrease in the
infected group (P <0.01).
Gross and histologic examination of the kidneys of
all groups did not show the presence of cortical scars
in these animals. The only remarkable histologic
findings were infiltration of cells along the pelvic
epithelium, most prominent at the fornix, and hyper-
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Fig. 3. Cortex of rat kidney immediately after reflux with marker solution. India ink is present only in peritubular capillaries. (Magnification,
x 40; original enlarged by 2%)
Table 1. Results of studies six weeks after reflux, using Trypticase Soy Broth (TSB)
Bacteria-positive Creatinine clearancea
cultures
No. No.
Pathology, no. of kidneys with ml!min!100 g
Cortical Interstitial Forniceal
Group Infusate N animals kidneys scars inifitrate inflammation Initial 6 weeks
I 1.0 ml sterile TSB 12 0 0 0 0 1 0.63 0.04 0.59 0.03
II 2.0 ml sterile TSB 2C 3C 3C 3C 0.66 0.09 0.58 0.06
III 1.0 mlTSB with ll' 5 8 1 0 3 0.68± 0.05 0.63±0.08
l0 organisms!
ml
IV 2.0 ml TSB with 12 8 l1 6 1 10 0.54 0.05' 0.76 0.06
10 organisms!
ml
a Values are the mean SEM.
3 Three animals died before completion of the study.
Pure Proteus mirabilis contaminant was recovered in both Group II animals and one Group IV animal.
d Paired t test, P = 0.03.
trophy of epithelial cells in the animals with renal
infection. The cortex and medulla of the kidneys in
all groups were unremarkable and identical in
appearance.
Immune response. Serial agglutination titers
became positive in all animals with persistent infec-
tion three weeks after induction of infection. None of
the unmanipulated control or sham animals devel-
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Fig. 4. Spontaneous remission rate of bacterinria following retro-
grade infusion with 1.0 ml of TSB with organisms.
oped an agglutinin titer equal to or greater than 1:16.
Positive agglutination titers were not detected in 12
animals with contaminant pure Proteus mirabilis
infection.
Discussion
The results of these experiments are pertinent to
two areas of investigation of the pathogenesis of
renal scar formation. First, the acute and chronic
effect of a single, brief, episode of sterile reflux and
reflux with organisms on the kidney of the Sprague-
Dawley rat have been characterized. Second, the
prolonged consequences of "acquiescent" renal
infection were defined.
The organism Streptococcus fecalis was selected
as the test organism because of extensive experience
with this species by other investigators [7—91 and
because inoculation of our strain into the renal par-
enchyma resulted in cortical scars and severe histo-
logic lesions that met all the pathologic criteria for
pyelonephritis.
Preliminary studies confirmed the minimum
amount of volume necessary for reflux to reach the
renal pelvis (0.63 ml) reported by Anderson and
Jackson [101 and defined maximum volumes that did
not cause trauma to the pelvis (1.0 ml). High volume
reflux (2.0 ml) reproduced the findings of other inves-
tigators who reported rupture of the pelvic epithe-
hum with hemorrhage and extravasation of marker
solution into the renal parenchyma and vasculature
1111, 121. Chronic renal scars, however, were not a
sequelae of sterile reflux as reported in Wistar rats
[11], pigs [13], and humans [14]. Of course, human
reflux is a repetitive phenomenon, probably at lower
pressures, and is not strictly comparable to our
experimental model. Differences in experimental
conditions and protocols may have accounted for the
failure of scar formation as reported by others.
Back pressure may cause permanent damage to
the kidney, but the amount and duration required to
produce permanent changes have not been adequate-
ly defined. Information from experimental studies of
unilateral obstruction indicates that there is no resid-
ual decrement in GFR or renal blood flow after the
relief of 5 to 60 mm of obstruction [15]. Definite
changes occur after relief of five hours of obstruction
[161, but this is hardly comparable to a brief episode
of reflux. Our conclusion is that a single episode of
large volume sterile reflux, as defined in these experi-
ments, causes acute injury to the parenchyma of the
kidney, but in the absence of bacteria these lesions
heal completely in six weeks without residual func-
tional or histologic changes.
Reflux with bacteria was followed by persistent
bacteriuria in a proportion of animals. There were
definite, though trivial, pathological changes in the
pelvic epithelium of the infected animals. An occa-
sional kidney had inflammatory cell infiltrates
beyond the fornix in the group subjected to large
volume reflux with organisms. These changes were
minor and did not resemble remotely those following
direct inoculation of organisms into the kidney.
Interestingly, the animals subjected to high volume
reflux with organisms had significantly higher clear-
ances than did the controls six weeks later, a result
that was unexpected and remains unexplained.
Reflux to the renal pelvis is a form of injury that
may predispose the host to develop prolonged persis-
tent infection. Follow-up studies of bacteriuric ani-
mals for 21 weeks demonstrated an immunologic
response by the host, but failed to reveal progressive
histologic lesions beyond the pelvis, despite recov-
ery of organisms from all portions of the parenchyma
of the kidney.
The ability of organisms to exist in the kidney
without causing pathologic lesions in the medulla or
the cortex has been described by Miller et al as
"acquiescent infection" [17, 18]. This term may not
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Fig. S. Sequential measurements of creatinine clearance in ani-
mals with persistent infection, in sham infused animals, and in
controls.
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be entirely appropriate since there was failure of
maturation of function in animals with persistent
infection compared to unmanipulated and sham-
infused age-matched controls.
Glomerular filtration rate, renal plasma flow, and
tubular transport functions increase parallel to
growth of the host [191. Children with reflux and
infection have small kidneys, but there have been
reports of resumption of growth when infection is
controlled even though refiux persists [20—231.
These observations are contrary to the conclusions
of Rolleston, Maling, and Hodson 1114]. Neverthe-
less, the majority of reports indicate that progressive
scar formation requires the presence of bacteriuria in
patients with reflux.
Aperia et al reported renal functional data in chil-
dren with long-standing infection and reflux. The
lowest values for GFR were noted in the oldest
children who had the most severe reflux [24]. Since
the clearances were adjusted for body surface area,
the interpretation of the data may not be entirely
correct. If infection causes arrest of renal growth,
then the oldest subjects (presumably those with the
largest body surface area) will show the lowest clear-
ances. Calculation of sequential clearances in abso-
lute values may show no change in renal function as
the host grows. Renal function studies recorded later
in life may reflect the status of kidney function at the
time of onset of infection.
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